Alicyclic tetracarboxylic dianhydrides having alkanone bis-spironorbornane structure were synthesized and polycondensated with aromatic diamines. The polyimide films were prepared by a thermal and a chemical imidization methods. Poly(amic acid)s possessed an inherent viscosity ( inh ) range of 1.1-0.5 dL/g and gave flexible films after cured at 300-350 o C under vacuum. All the polyimides possessed the 5 %-wt loss temperatures in nitrogen in the range of o C, and the glass transition temperatures over 290 o C. The high Tg may be due to a dipole-dipole interaction between the keto groups of the polymer chains as well as a development of rigid polyalicyclic units. The films had a coefficient of thermal expansion (CTE) range of 50-60 ppm/K. The polyimide films exhibited cutoffs at wavelengths shorter than 290 nm. Transparency in the visible region of each polyimide film was over 85%. The polymerization degree of PI(ChODA+3,4'-DDE) obtained by curing the reprecipitated poly(amic acid) at 300 o C for 1 h in vacuum was 17, whereas the value increased six times higher on heating at 350 o C for an additional 30 min. The result means that the post-polymerization took place over the Tg (335 o C).
Introduction 2. Experimental
Colorless polyimides prepared from alicyclic monomers have attracted much attention in recent years because of their potential applications including use as liquid crystal orientation layers, flexible solar cell substrates, organic EL substrates, light guide and low dielectric materials. [1] The lack of color is generally associated with the absence or inhibition of intra-and/or intermolecular CT interactions. These polyimides show excellent thermal stability and the high-temperature stability can also be explained by an alicyclic structure, which would foster less probability of main chain scission because of the presence of multibonds and would increase main chain rigidity. This article deals with the alicyclic polyimides consisting of aromatic diamines and the dianhydrides having alkanone bis-spironorbornane structure.
Materials
Cyclohexanone and cyclopentanone bis-spironorbornenes (ChONE and CpONE) were donated from JX Nippon Oil & Energy Corporation.
1,3-Bis(4-aminophenoxy)benzene (1,3-BAB) was supplied from Wakayama Seika Kogyo Co. Ltd. and was purified using a vacuum-sublimation apparatus just prior to use. 4,4'-Diaminodiphenyl ether (4,4'-DDE) was obtained from Wako Pure Chemical Industries, Ltd. and purified by sublimation. 3,4'-Diaminodiphenyl ether (3,4'-DDE) was purchased from Tokyo Chemical Industry Co. Ltd. and sublimed under reduced pressure. The other reagents were of commercial grade and used without further purification. , and methanol (800 mL) were charged in a 2-L four-necked flask equipped with a mechanical stirrer and a 3-L rubber balloon. After the air in the apparatus was replaced with carbon monoxide, the reaction was allowed to proceed at room temperature with mechanical stirring. Carbon monoxide was introduced sometimes into the balloon until no further consumption of carbon monoxide (ca. 3 h). The reaction mixture was evaporated to dryness, then chloroform (500 mL) was added. In a 100-mL three-necked flask equipped with an Allihn condenser were placed ChOME (1.99 g, 4.05 mmol), formic acid (14 mL, 222 mmol) , and p-toluenesulfonic anhydride (0.1 g, 0.306 mmol), and the mixture was stirred magnetically at 120 o C for 6 h. The reaction mixture was evaporated in the half volume to remove the generated methyl formate. Formic acid (7 mL, 111 mmol) was added to the condensate, and the mixture was heated at 120 o C for 6 h with stirring magnetically. After this procedure was repeated three times, acetic anhydride (18 mL, 127 mmol) and formic acid (7 mL, 111 mmol) was added to the resulting condensate, then heated at 120 o C for 3 h. The solvent was removed under reduced pressure, and the resulting solid was washed with diethyl ether to give a gray solid. The solid was placed in a 200-mL glass-tube oven (SHIBATA GTO-350) with a cold finger and the oven was heated at 260-280 o C for 3. A typical polymerization process is described below. In a 30-mL three-necked flask equipped with a mechanical stirrer were placed 3,4'-DDE (2.0 mmol) and 3 mL of DMAc. As a slow stream of dry nitrogen gas was maintained, the mixture was stirred until the diamine was entirely dissolved. The dianhydride ChODA (2.0 mmol) and an additional 2 mL of DMAc were added, and the mixture was stirred at a rate of 30-100 rpm for 24 h. An aliquot of the polymerization solution containing poly(amic acid) was cast on a glass plate using a doctor blade. The polyimide film was prepared by heating the plate at 80 o C for 1h, then at 250-350 o C for the prescribed time under vacuum. The glass plate was immersed in boiling water to remove the polyimide film. In some cases, polyimide films were prepared using a chemical imidization method as described below. To the remainder of poly(amic acid) solution were added acetic anhydride (6.0 mmol) and N-methylpiperidine (2.0 mmol), and the mixture was heated at 75 o C for 3 h. The reaction mixture was dropped into 300 mL of methanol to give a white solid. The solid was filtered and dissolved in DMAc. The solution was cast on a glass plate, then the plate was cured at 80-350 o C for the prescribed time under vacuum.
Measurements
The Infrared spectra were recorded using a JASCO 460 Plus Fourier transform spectrophotometer. UV-vis spectra of the free-standing polyimide films were recorded on a JASCO V-570 UV/vis/NIR spectrophotometer. The 1 H-and 13 C-NMR spectra were obtained using a JEOL JNM-LA 500 spectrometer. Inherent viscosities were measured in 0.5 g/dL DMAc solutions of poly(amic acid)s using an Ostwald viscometer at 30 o C. Thermal analyses were carried out using a Seiko SSC 5200-TG/DTA 220 instrument at a heating rate 10 K/min under nitrogen with a flow rate of 200 mL/min for the thermogravimetric analysis (TGA). The glass transition temperatures were determined using a Seiko TMA/SS100 thermomechanical analyzer equipped with a penetration probe of 1 mm diameter with an applied constant load of 10 g (stress, 0.125 MPa) at a heating rate of 10 K/min in air. The coefficient of thermal expansion (CTE) of the polyimide film (10 mm long, 3.5 mm wide and 10-20 m thick) was measured in a temperature range of o C at a heating rate of 5 K/min on a Seiko TMA/SS100 instrument with a drawing load of 0.35 g in m, namely 980 mN/mm 2 , in air. The value was evaluated as an average with 100-200 o C for the film plane direction. 
Results and Discussion

Monomer Synthesis
The synthetic route of cyclohexanone bis-spironorbornanetetracarboxylic diannhydride (norbornane-2-spiro--cyclohexanone-'-spiro-2'' -norbornane-5,5'',6,6''-tetracarboxylic dianhydride, ChODA) is illustrated in Scheme 1. Tetramethoxycarbonylation of cyclohexanone bis-spironorbornene (ChONE) with carbon monoxide in methanol in the presence of catalytic amount of PdCl 2 , sodium acetate and stoichiometric amounts of CuCl 2 afforded the tetramethyl ester (ChOME). [3] [4] [5] Scheme 1. Synthesis of cyclohexanone bis-spironorbornanetetracarboxylic diannhydride (ChODA).
After the ester-exchange reaction of ChOME catalyzed by p-toluenesulfonic anhydride in formic acid, the resulting tetracarboxylic acid without further purification was dehydrated chemically to the dianhydride ChODA, then it was purified by vacuum-sublimation. The starting material ChONE consists of several stereo-isomers as shown in Fig.  1 , and trans-endo-endo and cis-endo-endo are presumed to be the principal source. In the Pd-catalyzed methoxycarbonylation of norbornene unit, the two carboxylate groups are known to be introduced at cis-exo-configuration regard to the methylene bridge in the norbornene unit. It is also known that the steric configuration is maintained in the acid-catalyzed ester-exchange reaction. It can therefore be presumed that the diahydride is estimated to be a mixture of trans-endo-endo and cis-endo-endo isomers as illustrated in Fig. 2 . This is supported by 13 C-NMR spectra of the dianhydride. Two signals of the cyclohexanone carbonyl (keto) group with an equal intensity were observed at 211.6 and 210.4 ppm, and six signals with a similar intensity appeared in a range from 173.1 ppm to 171.8 ppm as described in the Experimental section. 
Polymer Synthesis
All the monomers were purified by vacuum sublimation just prior to use in order to prepare polyimide film with the objective of obtaining maximum optical transparency. Polyimides were synthesized by an ordinary two-step and a chemical imidization methods. The synthesis of polyimide, the chemical structures of monomers, and their abbreviations are shown in Scheme 2. Poly(amic acid)s possessed an inherent viscosity ( inh ) range of 1.1-0.5 dL/g (Table 1 ) and gave flexible and colorless films after cured at 250-350 o C under vacuum.
In the IR spectrum of PI(ChODA+3,4'-DDE) film prepared by the two-step mehod, two characteristic peaks assigned to C=O stretching bands of the imide carbonyl groups were observed at 1777 and 1715 cm -1 , and the peak of keto carbonyl group of cyclohexanone appeared at 1710 cm -1 as a shoulder beside the strong imide peak of 1715 cm -1 . The thermal stability of the polyimide film was evaluated by the 5 % weight-loss (T5) and the decomposition (Td) temperatures measured using TGA with a heating rate of 10 K/min under a nitrogen atmosphere and these results are summarized in Table 1 . All the polyimides prepared in this study had excellent thermal stability with no significant weight loss up to 400 o C and the T5's are over 470 o C. The glass transition temperature (Tg) was measured using a thermomechanical analyzer (TMA). The polyimides have Tg's over 330 o C except for the 1,3-BAB-based ones. The high Tg may be due to a dipole-dipole interaction between the keto groups of the polymer chains as well as to a development of rigid polyalicyclic units. The coefficients of thermal expansion (CTE) were estimated as an average within 100-200 o C for the film plane direction.
Most of the alkanone bis-spironorbornane polyimide films show CTE values common to flexible polyimide systems, ranging 50-60 ppm/K. wavelength at 1% transmittance. Fig. 3 . Transmission UV-vis spectra of the free-standing polyimde films (ca. 15 m thick) together with the averaged transmittance in visible region (T vis ) and the cutoff wavelength ( cut-off ) at which the transmittance becomes below 1%.
Optical Property
The polyimide films exhibited  cut-off 's (at the wavelength where the light transmittance becomes below 1%) shorter than 290 nm. Transparency in the visible region (T vis ) was evaluated by averaging the transmittance in the range from 400 to 800 nm in the UV-vis spectrum, and the value of each polyimide film is over 85%. The Uv-vis spectra of the polyimide films are shown in Fig. 3 together with  cut-off and T vis . Exclusion of benzene ring from the dianhydride and/or the diamine, that is alicyclic polyimide, depresses the charge transfer and result in the lack of color.
3.3.3.
Effect of the Imidization Temperature on the Polymerization Degree
The film quality and the polymerization degree of the polyimide were influenced strongly by imidization temperature. When poly(amic acid) PAA(ChODA+3,4'-DDE) cast on the glass plate was cured at 250 o C, the resulting polyimide film was somewhat brittle. However, on curing the poly(amic acid) at 350 o C over the Tg, the flexible and tough film was obtained. The number-averaged polymerization degree (PD) was estimated by determining the amino-end group in the 1 H-NMR spectrum of the polyimide. When the poly(amic acid) solid, PAA(ChODA+3,4'-DDE), was heated at 300 o C for 1h under vacuum, PD of the resulting polyimide was 17. The PD of the polyimide obtained by cured at 350 o C for an additional 30 min was 104, which means that the post-polymerization took place over the Tg (335 o C) in the solid state. The PD enhancement was confirmed by not only the end-group analysis using 1 H-NMR but SEC analysis.
Conclusion
Two alicyclic dianhydrides having alkanone bis-spironorbornane structure, ChODA and CpODA were synthesized and polycondensated with aromatic diamines at room temperature. Poly(amic acid)s possessed an inherent viscosity ( inh ) range of 1.1-0.5 dL/g and gave flexible and tough films after cured at 300-350 o C under vacuum. All the polyimides exhibited the excellent thermal stability. They possessed a 5 %-wt loss temperature range of o C, and the glass transition temperatures were over 290 o C. The high Tg may be due to a dipole-dipole interaction between the keto groups of the polymer chains. The polyimide films exhibited cutoffs at wavelengths shorter than 290 nm, and the averaged transparency in the visible region of each polyimide film was over 85%.
The film quality and the polymerization degree of the polyimide were influenced strongly by imidization temperature. The polymerization degree of the polyimide solid was increased with an increase of the curing temperature, which means that the post-polymerization took place over the Tg. These colorless polyimides developed in this study may be a promising candidate for the substrate of flexible optoelectronic devices such as organic EL substrate and solar cell.
